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This thesis details the heat and mass transfer analysis of a MEMs microthruster 
designed to provide propulsive, attitude control and thermal control capabilities to a 
cubesat.  This thruster is designed to function by retaining water as a propellant and 
applying resistive heating in order to increase the temperature of the liquid-vapor 
interface to either increase evaporation or induce boiling to regulate mass flow.  The 
resulting vapor is then expanded out of a diverging nozzle to produce thrust.  Because of 
the low operating pressure and small length scale of this thruster, unique forms of mass 
transfer analysis such as non-continuum gas flow were modeled using the Direct 
Simulation Monte Carlo method. Continuum fluid/thermal simulations using COMSOL 
Multiphysics have been applied to model heat and mass transfer in the solid and liquid 
portions of the thruster.  The two methods were coupled through variables at the liquid-
vapor interface and solved iteratively by the bisection method.  The simulations presented 
in this thesis confirm the thermal valving concept.   It is shown that when power is 
applied to the thruster there is a nearly linear increase in mass flow and thrust.  Thus, 
mass flow can be regulated by regulating the applied power. This concept can also be 





CHAPTER 1. INTRODUCTION 
1.1 Introduction 
The current status of propulsive methods for microsatellites is relegated to the 
development phase.  To date, no picosatellite has flown with a successful propulsive 
element [28].  Micro propulsion devices are challenged with harsh constraints on power, 
mass and size.  Purdue has been conducting research on a novel method of microthruster 
propulsion based on microcapillary action and evaporation [10,11,12] that meets the 
constraints of low power (P<1Watt), low mass (m<0.1g) and minimal spacecraft real-
estate (V=0.05 cm
3
).   Additionally this thruster uses water as a propellant whose large 
enthalpy of vaporization allows for the device to act as a means of spacecraft thermal 
control.  Waste heat can be applied to the water reservoir where it will increase 
evaporation and thus cooling. Capillary action is used to retain the liquid propellant 
inside the nozzle even when exposed to vacuum.  Resistive heating of metallic wires near 
the meniscus of the capillary provides a method of regulating flow out of the nozzle via 
controlled evaporation.  
The design of the Film Evaporative MEMS Tunable Array (FEMTA) is based on a 
2D converging-diverging nozzle created using several sequences of etching and material 





explanation of the micro fabrication process of such a thruster.  The geometry of the 
nozzle is best summarized as a 2D converging diverging nozzle that forms a long thin 
throat. A cutout view can be seen in Figure 1. In the figure the silicon wafer is dark grey, 
a layer of silicon oxide for insulation is light grey, the metallic heaters are red and the 
propellant (water) is blue. The throat height and throat length of the nozzle are 
approximately 8 and 35 microns respectively whereas the out of plane dimension of the 
nozzle is approximately 2.5mm.  The metallic heaters, in red, are placed in close 
proximity to the meniscus to increase evaporative mass flux.  After evaporation, the 
water vapor is expanded out of the nozzle to create thrust.  A layer of silicon dioxide is 
thermally grown on the silicon to insulate the silicon to reduce heat loss.  The thermal 
conductivity of silicon (K= 149 W/mK [8]) is much greater than the thermal conductivity 
of silicon di-oxide (K=1.47 W/mK [39]) and thus reduces the heat lost to the silicon 






 Modeling of such a thruster is divided into three areas: continuum heat transfer 
simulation via COMSOL, rarefied flow of vapor using Direct Simulation Monte Carlo 
simulations of the nozzle flow, and two-phase modeling of the meniscus.  An iterative 
bisection solving scheme is used to couple the multiple areas of study.  This modeling is 
used as a baseline for performance evaluation and improvement of design. 
 The first part of this paper details the modeling of the meniscus and capillary 
effects.  Of key interest is determination of the shape and location of the meniscus.  Next 
the physics controlling the evaporation of the liquid water is discussed and how it was 
modeled in this study.  Here, some of the underlying assumptions and approximations of 
evaporation are discussed.  Next the methods of computing the mass flow out of the 
nozzle and the ensuing thrust are described.  Exit flow modeling was conducted using 
Direct Simulation Monte Carlo methods.  After this, the modeling of heat transfer inside 
 
Figure 1. Simplified layout of FEMTA thruster nozzle.  On the left, a side view of the 
converging diverging nozzle can be seen.  The heaters in red are used to heat the water 
near the meniscus to increase evaporation.  The gas is then expanded out of the nozzle to 
create thrust.  On the right, is the front view of the nozzle showcasing the high aspect 






the liquid and solid portions of the thruster is described.  The entire nozzle geometry was 
constructed and simulated using COMSOL Multiphysics.  Heat generation from the 
Platinum heaters is and the heat flux due to evaporation are modeled within the 
COMSOL model. Finally, to couple the nozzle exit flow with the evaporative mass flux, 
the bisection method was used.  The pressure inside of the nozzle as the iterative variable.  





CHAPTER 2. CAPILLARY ACTION 
2.1 Surface Tension 
Capillary action is used to retain liquid water inside the nozzle of the FEMTA 
thruster.  Surface tension is responsible for the capillary effects. Surface tension is a 
consequence of intermolecular forces such as van der Waals interaction [26]. Surface 
energy can be defined as the energy required to stretch a surface a unit area. The effect of 
surface tension forces is magnified relative to body forces at smaller length scales due to 
the increased surface-to-volume ratio. This is especially prominent at the micron scale.  
Water, as used in the FEMTA thruster, has a relatively high surface tension of 
approximately 72 mN/m due to hydrogen Bonding [26].   
Bond number is a dimensionless number that relates surface tension forces to body 
forces.  It is often used to characterize the shape of a two-phase boundary.  Bond number 
is calculated using equation (1).  
 
 
Here    is the density of the liquid [kg/m3],   is the acceleration applied to the 
meniscus [m/s
2
], R is the radius of curvature [m] and   is the surface tension of the liquid 
[N/m]. 
 
   







The overall shape of the meniscus is assumed to be circular based on the calculated 
Bond number for water and the dimension of the capillary considered here.  For Bond 
numbers much less than one this approximation is valid.  For a conservatively low 
contact angle of 100 degrees applied to a 5 micron throat section, the resulting Bond 
number is approximately 2.8E-5 which is sufficiently low to assume a circular meniscus.  
The shape of the meniscus is assumed to be circular for the rest of the analysis.  The 
location of the meniscus still needs to be determined. 
2.2 Laplace Pressure 
When a liquid-gas interface has curvature, a pressure difference across the interface 
is created due to surface tension.  This pressure difference is called the Laplace Pressure 
and can be evaluated using the Young-Laplace equation (2) where ΔP is the Laplace 
pressure, σ is the surface tension and R1 and R2 are radii of curvature of the liquid-gas 
interface. Here P1 is defined at the pressure inside the liquid portion of the two-phase 
meniscus and P2 is the pressure inside of the meniscus.  For a convex shape this would 




As can be seen in Figure 2 the Laplace Pressure increases with a decrease in the radius of 
curvature.  At micron length scales this pressure difference can be substantial and can 
reach several atmospheres.  
 
          (
 









Figure 2. Effect of Laplace pressure with respect to radius of curvature.  As the radius of 
curvature decrease the Laplace pressure can increase to several atmospheres. For a the 







2.3 Contact Angle Interaction 
At a solid-liquid-gas interface, as seen in Figure 3, the gas-liquid interface, or 
meniscus, leaves the wall at some approximated angle. The location of the solid-liquid-
gas interface is referred to as the contact line.    The angle of the meniscus at the solid-
liquid-interface is defined as the contact angle. Liquids will have different contact angles 
depending on the solid they are interacting with. This angle is important because it 
controls the geometry of the meniscus, and thus radius of curvature of the meniscus.  This 
then changes Laplace pressure as previously mentioned. Interfaces with contact angles of 
greater than 90 degrees are referred to as hydrophobic or nonwetting and angles of less 
than 90 degrees are referred to as hydrophilic or wetting.   
In a microchannel, the contact angle controls both the radius and direction of 
curvature.  If the contact angle is greater than 90 degrees, then the meniscus will form a 
convex shape and thus a positive Laplace pressure across the meniscus.  If the contact 
angle is less than ninety, then the meniscus shape is concave and produces a negative 
Laplace pressure and a force similar to suction on the liquid.  In the FEMTA thruster, a 
positive Laplace pressure is needed to retain the liquid and therefore a contact angle 
above 90 degrees is required.  Estimates of the contact angle between the silicon-oxide 












Figure 3. Comparison of hydrophobic or non-wetting (θC>90°) and hydrophilic or 
wetting (θC<90°) contact angles with surface.  The FEMTA thruster has hydrophobic 
surfaces. 
 
Figure 4. Interaction of gas-liquid interface with surface in a rectangular channel. (Top) 
hydrophobic or non-wetting contact angle.  (Bottom) Hydrophilic or wetting contact 
angle forms a concave meniscus.  The convex shape seen at top, would have a higher 










Contact angle affects the radius of curvature of a meniscus. Equation (3) is the 
relationship between radius of curvature and contact angle. The radius of curvature, as 
previously mentioned, is important in relation to the Laplace pressure. 
 
  
       
            
 (3) 
 
Figure 5. Side view of FEMTA Nozzle with dimensions and materials.  Left side is the 
propellant (water).  Right side is the nozzle exit exposed to vacuum. Dimensions are not 
to scale and are for visualization purposes only.  P1 is the pressure on the gas side of the 
meniscus.  The curvature of the meniscus shown would provide a positive Laplace 






Here         is the height of the throat section [m],    is the contact angle [rad] 
and r is the radius of curvature of the curved meniscus [m].  The effect contact angle has 
on the surface area of the meniscus and the Laplace pressure can be seen in Figure 6 and 
Figure 7.  With increasing contact angle there is a decreasing radius of curvature and thus 
a higher Laplace pressure and higher surface area.  Shown in the figures are three 






Figure 6. Variation of surface area of a 2D meniscus in a 2D rectangular channel with 








2.4 Surface Energy Analysis 
 
An analysis of the total surface energy is used to determine the location of the 
contact line, the point of contact of the meniscus with the solid surface. Modeling of the 
location and thus dimensions of the meniscus is accomplished by calculating the 
minimum interfacial energy, or surface energy, of the two-phase region in the nozzle.  
This is accomplished by summing both the surface energy of the wetted region of the 
liquid and the thruster walls and the surface energy of the liquid water and water vapor 
along the meniscus.  By changing the location of the meniscus, the total surface energy 
changes and a minimum can be found.  This method is simple and is comparable to the 
techniques of software such as Surface Evolver operated in a two-dimensional mode.  
 
Figure 7. Variation of Laplace pressure of a 2D meniscus in a 2D rectangular channel 






The assumption made before that meniscus is circular due to the Bond number is again 
applied here. 
 The total surface area AT inside the nozzle is assumed to be fixed and is 
composed of a wetted surface area AW and and a dry surface area AD, given (4) and 
visualized in Figure 8.  
 
 
The free surface area AF is the area is the bounding area between the gas and 
liquid phases.  The free surface area, wetted surface area, and dry surface area can vary 
however the total surface area AT is a constant value.  The respective surface energies of 
the individual areas are the product of the interfacial energies and the specific surface 
areas.  The total surface energy is given by (5) 
 
 
Where E is the total surface energy[J],  AD is the dry surface srea [m
2
], AW is the 
wetted surface area [m
2
], AF is the free surface energy [m
2
], σ is the Surface Tension 
[N/m], σD is the dry interfacial energy [N/m], σW is the wetted interfacial energy[N/m].  
The units of interfacial energy can also be viewed as either [J/m
2
] or [N/m] as the units 
are equivalent. 
          (4) 









The surface tension σ for water is well known and the value is prescribed in 
several texts [26,36].  The wet and dry interfacial energies are much less certain if even 
known for the materials present in this study.  However, using a force balance tangent to 
the wall as seen in Figure 9 and mathematically represented in equation (6), the unknown 




Figure 8. Visualization of the relation of the wet, dry and free areas.  The vapor phase is 
shown in white and the liquid phase is shown in blue.  The boundary between the liquid 
and vapor phase represents the free area. 
 
 









 Where is the σ is the surface tension of the liquid, σD is the interfacial energy 
between the vapor phase and the solid, σW is the interfacial energy between the liquid 
phase and solid.  Using equation (6) for the unknown interfacial energies and some 
algebra, equation (5) can be manipulated into the form seen in (7)  
 
 
Acknowledging that the σD and AT are constant regardless of the meniscus 
location and that the goal of this study is to find the location of the minimum total surface 
energy E, the σD AT term can be removed from the total energy equation to result in the 




This equation can be nondimensionalized by dividing equation (8) by the total area AT 
and the surface tension σ to calculate the nondimensionalized total surface energy Ẽ.  
This new nondimensionalized surface energy depends only on the contact angle and 
wetted area and not on fluid properties.  This means that the solution for the minimum 
surface energy will not be impacted by the magnitude of the fluid density, viscosity or 
surface tension. 
 
                (6) 
                          (7) 
                    (8) 
 
 ̃  









The free surface area and wetted surface area are both dependent on the location 
of where the meniscus meets the solid surface, otherwise known as the contact line.  To 
find contact line location that resulted in the minimum total energy E, the total energy E 
was calculated for contact line locations from the edge of the heaters furthest inside the 
nozzle to the nozzle throat and down the nozzle throat.  The wetted area is defined as 
starting at the heater edge furthest from the nozzle throat.  A simplification can be made 
that the area inside the nozzle can be considered constant and be ignored from the 
calculations. 
 Figure 10 and Figure 11 illustrate the meniscus region.  Point A is the beginning 
of the throat section.  Point B is the junction between the Platinum heaters and the silicon 
dioxide layer.  Point C is the edge of the Platinum heaters closest to the throat section. 
 
   
Figure 10. Visual representation of meniscus region depicting a contact line location at the 
beginning of the throat section.  Platinum heaters can be seen in red, silicon in dark grey, 
silicon dioxide in dark grey and the liquid water in blue. Points of interest for the surface 










Figure 11. Profile of liquid surface interaction with points of interest A,B and C.  Point A 
is the beginning of the throat section, Edge B is the interface between the silicon dioxide 
and the Platinum heaters, edge C is the heater edge closest to the throat section. 
 
Figure 12. Free surface energy for multiple contact angles.  Note that as the height of the 








Because contact angle is unknown, there is some variability in the resulting 
magnitudes of the total surface energy curves as seen in Figure 14. However, for contact 
 
Figure 13. Wetted surface energy for multiple meniscus geometries resulting from 
multiple contact angles.  Note that wetted surface energy increases with a vertical trend at 
the location of the heaters.  Note that a contact angle of 90 degrees has no wetted surface 
energy 
 
Figure 14. Total surface energy for multiple contact angles. Most important here is that 






angles above 90 degrees, the minimum total surface energy occurs at point A, the throat 
entrance near the heaters.  This is also the optimum location for the meniscus in terms of 
providing local heating. The case of a contact angle of 90 degrees poses a unique case in 
which the total surface energy does not change based on the location of the meniscus 
anywhere inside the throat section. Although contact angle is unknown and would be 
difficult to determine experimentally, surface coatings can be used to ensure that the 
contact angle is above 90 degrees to ensure that the Laplace pressure difference is in the 













CHAPTER 3. EVAPORATION 
3.1 Hertz-Knudsen Equation 
Evaporation is the primary means of regulating mass flow in the FEMTA thruster.  
Evaporative mass flux can be modeled by the Hertz-Knudsen evaporation Equation in 
equation (9) [24,32,39,40]  
 
                            √
 
    
 (10) 
Where m” is the mass flux [kg/m
2
], Cevap is the coefficient of evaporation [], Ccond 
is the coefficient of condensation [], Pvap is the vapor pressure of water [Pa], P1 is the 





K], T is the temperature of the liquid [K]. The Hertz-Knudsen equation is 
derived from kinetic theory and can be used to model the flux of liquid molecules 
through a two-phase boundary.  This theory was derived for a flat two-phase boundary 
but has been proven to be applicable to curved shapes as small as nanometer sized 
droplets [36] 
The primary concerns with this method are the evaporative and condensation 
constants Cevap and Ccond and their uncertainty[27].  Although there is still some 
variability in agreement, several studies have confirmed a value of near or at unity for the 
evaporation coefficient of water at several temperature regimes.  The measured 






amount of uncertainty in the exact value.  In this paper several values for the 
condensation coefficient are examined. This variability leads to some uncertainty in terms 
of the performance of the thruster. Vapor pressure is obtained from the NIST archive 
using Antoine coefficients derived from several experiments [7,16,34].  Ppart, which is the 
controlling variable of the balance between the evaporative mass flow and the nozzle 
mass exit flow, is solved for iteratively and will be discussed later in the paper. 
 
3.2 Vapor Pressure 
Vapor pressure is one of the most influential variables on the rate of evaporation.  
Vapor pressure, by definition, is the pressure exerted by a gas in a closed system at 
equilibrium for a specific temperature.   Vapor pressure can also be a measure of a liquids 
evaporation rate or boiling point.  A liquid will begin to boil or nucleate at a temperature 
slightly above the temperature at which vapor pressure equals the local absolute pressure.  
Vapor pressure can be estimated using the Clausius-Clapeyron relation.  The most 





0.4-0.680 280 Tsurata et al. [35] 
0.35-0.7 300 Tsurata et al. [35] 
0.45-1 281-283 Mills et al.  [29] 
0.417-0.693 280 Hatamiya et al. [18] 
0.330-0.480 300 Hatamiya et al. [18] 
 





1.00 300 Nakamura and Yano [30] 







common approximation of this relation is a curve fit using Antoine coefficients as seen in 
equation (11).  These coefficients however are only valid for a certain range of 
temperatures. For this study, a set of Antoine coefficients that covered the operating 
range of temperatures of the FEMTA nozzle was selected from the NIST database.  A 
table and plot of several sets of Antoine coefficients and their ranges can be seen below. 
 
            
 
   
 (11) 
Where Pvap is the vapor pressure [Pa], A,B,C are coefficients used in curve fitting, and T 
is the temperature of the liquid [k]. 
 
 




A B C 
Bridgeman and Aldrich [7] 273. - 303 5.40221 1838.675 -31.737 
Bridgeman and Aldrich [7] 304. - 333 5.20389 1733.926 -39.485 
Bridgeman and Aldrich [7] 334. - 363 5.0768 1659.793 -45.854 
Bridgeman and Aldrich [7] 344. - 373 5.08354 1663.125 -45.622 
Gubkov [16] 293. - 343 6.20963 2354.731 7.559 








Figure 15. Vapor pressure curves representing different curves for Antoine coefficients 
from numerous studies.  For temperatures below 320 degrees, the percent difference 






CHAPTER 4. NOZZLE FLOW 
4.1 Rarefied Flow Inside FEMTA Nozzle 
Conventional CFD solvers are based on the assumption of a continuum flow of a 
fluid. Because of the relatively low operating pressures of the FEMTA nozzle, continuum 
fluid mechanics and associated CFD solvers are no longer applicable.  The low pressures 
present in the nozzle lead to a mean free path of vapor molecules that are on the same 
order of magnitude as the throat height of the nozzle (5μm). The Knudsen number is a 
measure of the degree of rarefied flow that relates a length scale and the mean free path 
of a particle.  It can be calculated by using equations (12) and (13).  For throat height of 8 
microns and an minimum operating pressure of 500 Pascals, the Knudsen is 
approximately 1.  Thus, the flow resides between the transitional regime and the rarefied 
regime and some form of non-continuum analysis is necessary. 
 
 
Where λ is the mean free path [m] and L is the length scale [L].  Mean free path is 


















Here  ̅ is the average Variable Hard Sphere diameter [m] and   is the number 
density [1/m
3
]. When the Knudsen number approaches 0.1 continuum mechanics such as 
the Navier-Stokes equation begin to break down.  An approach such as Molecular 
Dynamics or Direct Simulation Monte Carlo is needed. 
 
4.2 Direct Simulation Monte Carlo 
Direct Simulation Monte Carlo is a probabilistic method used to solve the 
Boltzmann equation for rarefied flows. A 2-D version of SMILE, a Direct Simulation 
Monte Carlo solver, was used to model the nozzle exit flow. This software has been used 
and validated in several other studies [1,2,33].  SMILE employs a majorant frequency 
scheme and models molecular collisions using both Variable Soft Sphere (VSS) and  
Variable Hard Sphere (VHS) models [20].   
DSMC was used to model the vapor side of the FEMTA nozzle.  The geometry of 
the FEMTA nozzle with vapor flow is well represented by a thin slit with an orifice 
 
Figure 16. Limits of mathematical model with respect to Knudsen number. As stated, the 
lowest Knudsen number for this analysis is approximately 0.1 but can be as high as 10.  







connecting it to a large rectangular expansion region seen in Figure 17.  The rectangular 
expansion region is connected to the exterior of the FEMTA nozzle where it is exposed to 
vacuum. The geometry of the nozzle is formed by sequential etching processes and thus 
has a rough texture.  The accommodation coefficient is a measure of the diffusivity of 
reflected particles during a collision with a wall.  Boundary conditions at the walls of the 
nozzle were set to have an accommodation coefficient of unity and a temperature that 
matched laboratory conditions of 293K. 
The inlet boundary of the nozzle with respect to DSMC simulations was set at the 
location of the meniscus in order to represent mass flow after evaporation as seen in 
Figure. Conditions at the inlet of the nozzle were set using a jet that sufficiently matched 
the conditions of vapor evaporating from the two-phase boundary, namely by setting the 
temperature of the vapor and a specifying a mass flow.  Macroparameters such as 
pressure, density, and velocity were used to calculate thrust and mass flow. Sampling of 
collisions occurred after a length of time much longer than the period of time it would 
take a single particle to transverse the nozzle at its thermal velocity.  Multiple mass flow 
rates were tested to provide a range of possible flow rates that the FEMTA nozzle will 







The domain was partitioned into a grid, or mesh, that facilitated both computation of 
particle collisions and sampling of macro parameters by using a level 1 and level 2 mesh.  
The level 1 mesh is used during the calculation of macroparameters and when fluxes 
across domains are measured.  The level 2 mesh is use for computing particle collision 
characteristics.  The level 2 mesh is formed from the level 1 mesh by allowing the level 1 
mesh to subdivide such that particle collisions are being accurately modeled as controlled 
by the SMILE software.  As a rule of thumb, this occurs when a cell size is 
approximately 1/3 to ½ the mean free path of the particle.  The level 1 mesh in this study 
has a resolution of 4 microns.  The resolution of the level 2 mesh varied depending on the 
operating pressure of a specific case.  Level 2 grids with cell resolution of less than ½ a 
micron were seen in some cases.  The level 1 and level 2 grids seen in Figure 18 are 
representative of a higher pressure case in which the mean free path would be smaller 
 
Figure 17. Domain of DSMC computations for modeling the vapor flow out of FEMTA 
nozzle with dimensions.  Schematic not to scale and for illustration purposes only.  Note 












Figure 18. DSMC Meshing of sampling and computation domain.  The level 1 mesh(top) 
is subdivided into level 2(bottom)by splitting cells.  The level 1 mesh resolution is 2 









Figure 19. Velocity distribution of nozzle exit flow for a mass flow of 12.5 mg/hr 
 








Figure 21. Velocity distribution of nozzle exit flow for a mass flow of 25 mg/hr 
 








Figure 23. Velocity distribution of nozzle exit flow for a mass flow of 50 mg/hr 
 








Figure 25. Velocity distribution of nozzle exit flow for a mass flow of 100 mg/hr 
 








The flow field distributions for the five test cases can be seen in Figure 19 to 
Figure 28. The expansion of the gas out of the nozzle can be clearly seen in both the 
velocity and pressure distribution. Results for the five test cases in respect to mass flow 
 
Figure 27. Velocity distribution of nozzle exit flow for a mass flow of 200 mg/hr 
 






and thrust are plotted and tabulated in Figure 29 and Figure 30 and Table 4.  Here thrust 
and mass flow are calculated by integrating the cells along the nozzle exit in terms of 
mass flow, pressure and momentum flux.  As expected there is a nearly linear 
relationship between mass flow and pressure.  Specific impulse is poor compared to a 
modern liquid rocket engine but is comparable to a cold gas thruster with a value of 
approximately 70 seconds for the five test cases.  Low thrust and specific impulse were 
expected due to rarefied effects and viscous losses at these Reynolds numbers and 
pressures.
Table 4. DSMC simulation performance of 5 selected test cases representative of the 8 
micron throat height and 35 micron thorat length.  Performance represents the full 2D 
thruster geometry of width 2.5mm and not a half geometry as modeled. 
Pressure [Pa] Massflow [mg/hr] Thrust [μN] ISP [sec] 
760.4 24.928 4.451 65.591 
1464.7 49.878 9.332 68.731 
2886.8 99.218 18.409 68.159 
4852.4 199.698 38.990 71.723 










Figure 29. Mass flow curve fit from DSMC calculations with equation of trend line and 
correlation of five selected test cases representative of a FEMTA nozzle with  dimensions 
of 8 micron throat height and 35 micron throat length 
 
Figure 30. Thrust curve fit from DSMC calculations with equation of trend line and 
correlation of five selected test cases representative of a FEMTA nozzle with  dimensions 







CHAPTER 5. HEAT TRANSFER MODELING 
5.1 COMSOL Overview 
COMSOL Multiphysics was used to model the temperature distribution and heat 
transfer throughout the thruster.  COMSOL Multiphysics is a finite element analysis 
solver that allows for the modeling of a wide range of physics including mechanical, fluid, 
electrical, and chemical.  For this study, only the heat transfer module was needed.  A 
model that represented the internal heat transfer mechanisms of the thruster was 
constructed including boundary conditions representative of the lab environment inside 
COMSOL.  The model was divided into triangular elements and the heat diffusion 
equation was satisfied for every element using a Paradiso solver.  The heat diffusion 






















Here   is the temperature of an element [K], x-y-z are geometric distances [m],  ̇ is 
the heat generation inside of a cell [W/m
3
],   is the density of the material of the cell 
[kg/m
3
],    is the specific heat of the material inside of the cell [], and t is the time [s].  It 
should be noted that a steady state assumption was applied to the analysis in the body of 







An exact 2D geometry of the thruster was constructed in COMSOL. With an aspect 
ratio of 2500:1 a 2D approximation was deemed valid. The primary points of interest 
related to heat transfer in this thruster are the resistive heating and the heat flux caused by 
evaporation.  Evaporative mass flux is modeled with the Hertz-Knudsen equation (3) 
with properties representative of liquid water.  The nozzle is primarily composed of 
Silicon, Silicon di-Oxide, and Platinum. Water in both its liquid and vapor form are 
found inside the nozzle.   
An incompressible fluid solver in COMSOL was initially used to model the flow 
of water to the meniscus.  The end result was a liquid flow that moved at less than 100 
microns per second and had a difference of less than 1 percent when compared to 
modeling a stationary flow.  The incompressible solver was abandoned as it more than 
doubled computation time.   
The process of building and running the COMSOL model is summarized in Figure 
31. The first step of building the model is creating the geometry defined by X and Y 
points.  A spreadsheet controlled by input parameters such as throat length, throat height, 
heater dimensions, and nozzle geometry is responsible for defining all of the X and Y 
points of the boundaries of all four materials in the nozzle.  From here the points are 
imported into COMSOL and a meshing process is completed.  Triangular mesh elements 
were used of varying size were used for the four different domains.  
 
Material properties such as density and thermal conductivity were applied to each 
domain associated with their respective domain. Material properties were obtained from 






Physics representative of the Joule heating and evaporative heat flux are applied to 
the domain representing the Platinum heaters and the meniscus boundary respectively.  
Later subsections of this Chapter will discuss them in more detail. 
COMSOL’s livelink Matlab software was used to run the COMSOL model.  Using 
livelink allowed a bisection scheme to be applied reach mass continuity between the 
evaporation mass flow and the mass flow out of the nozzle.  Details of the bisection 
scheme will be discussed in more detail in Chapter 6. 
 
5.2 Heat Transfer Physics 
As stated, thin heaters made of Platinum provide localized heating near the 
meniscus.  Volumetric heat generation defined by equation (15) is used to model the 
resistive heating of the Platinum elements when a current is applied to them.  Heaters are 
 







used to provide local heating and increase the temperature of the meniscus and thus 
increase evaporative mass flux. 
 
     




Here I is the current applied to the heaters [Amps],              is the resistivity of 
the Platinum material, AH [Ω•m] is the heater cross sectional area [m
2
] and P’’’ [W/m
3
] is 
the volumetric heat generation. A constant current density is assumed through the cross 
section of the heaters. 
 The resistivity ρresitivity of the 180 nanometer thick platinum heaters was 
determined experimentally and found to be approximately 1.5338e-07Ω•m vs the 
textbook value of 1.06E-7 Ω•m[14].  This is believed to be the result of the deposition 
process of the platinum.  The platinum is sputtered onto the silicon wafer and then the 
boundaries of the heater are etched away.  This process may lead to inconsistencies in the 
density and thus resistivity of the material. This may explain why the experimental 
resistivity is higher than the value for an equivalent heater of pure platinum. The 
experimental resistivity was assumed for the heat generation.  
5.3 Material Properties 
Four materials are present in the FEMTA nozzle: Silicon, silicon dioxide, platinum, 
and liquid water.  Each material was applied to its respective domain where silicon 
dioxide was applied to the thin layer separating the liquid water from the silicon, silicon 
was applied to the silicon wafer, platinum to the thin heating elements, and liquid water 
inside of the heater subject to the geometry constrained by the silicon dioxide and two-






each domain is the coefficient of thermal conductivity.  Each material has a specific 
thermal conductivity prescribed in the table below.  Properties are for the operating 
pressure range (1-3 kPa) and temperature (300K).  Thin film effects of the thermal 
conductivity of the silicon dioxide were found to be negligible due to the thickness of the 
layer.  Thin film effects are not present till the nanometer scale [39]. 
 
5.4 Boundary Conditions 
Various boundary conditions were explored to approximate the thruster’s local 
conditions. Conditions consistent with a lab environment were explored as shown in 
Figure 32.  Radiative heat fluxes were applied on external boundaries exposed to vacuum 
with an appropriate emissivity value for the silicon wafer using the Stefan-Boltzmann law.   
                          
          
   (16) 
Where q” is the heat flux [W/m
2





  is the emissivity of the surface [],           is the surface exposed to radiation [m
2
], 
         is the temperature of the surface [K], and         is the temperature of the 
surroundings that interact with the surface through radiation [K].  The difference between 
the temperature of the surroundings and the exterior of the FEMTA was a few degrees 
magnitude.  Because of this, the radiative heat transfer due to the Stefan-Boltzmann law 
Table 5. Thermal conductivity of materials in heat transfer analysis. 
Material Thermal Conductivity [W/mK] 
Liquid Water 0.61[22] 
Platinum 307[8] 







was negligible. Radiative heat transfer boundary conditions were replaced with insulated 
boundaries and resulted in no effect other than increased computational speed.   
Constant temperature boundaries were applied to the edges of the water domain to 
approximate the thruster reservoir as a heat sink. An insulated boundary condition was 
applied along the bottom edge of the model to approximate the symmetry of the thruster.   
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 (17) 
Where      is the heat of vaporization for water [J/kg],        is the evaporation 
coefficient [],     is the condensation coefficient [] ,      is the vapor pressure [Pa], P1 















5.5 Mesh Convergence Study 
To assure that the physics being modeled was not disturbed by the effects of cell 
size, a mesh convergence study was conducted. This entailed decreasing the element size, 
and thus increasing the number of cells, till there was no longer measurable change in 
results. Several mesh resolutions were examined and a subset is detailed in Table 6.  Each 
mesh was tested using the coupled heat transfer analysis discussed in the next Chapter 
 
 
Figure 32. Materials and boundary conditions of COMSOL model.  A constant 
temperature boundary condition is used to model the top and back of the FEMTA nozzle 
as heat sinks.  An insulated boundary condition is used to model the symmetry of the 2D 







over a range of power levels from unpowered to 0.5 Watts of Joule heating.  Mass flow 
out of the nozzle was the variable used to compare mesh models. Mesh A is a coarse 
mesh and showed incongruence with the other mesh designs over a wide range of power 
levels as seen in Figure 33.  Mesh B had a higher resolution and showed better 
congruence with mesh C and D but still had 5.8% maximum difference in mass flow for a 
range of power levels. Mesh C and D had a maximum difference in mass flow of less 
than 1%. Mesh C was used for the majority of modeling as it computed faster while still 
had the same overall output as Mesh D. 
Element quality in COMSOL is measured using a method similar to aspect ratio 
and is defined in Equation (18).  
 
  
 √  
  
    
    
  
(18) 
Where q is the element quality [],   is the area of the element [m2], and hi are side lengths 
of the triangle [m].  Mesh quality governs how effectively heat transfer is modeled.  An 
aspect ratio close to unity will approximate the heat diffusion equation most accurately 
where as a high aspect ratio element will approximate heat transfer poorly.  This is 
representative in the quality equation as an equilateral triangle has the maximum quality 









Figure 33. Mesh convergence of COMSOL simulations. Mesh C and D show nearly 
identical performance.   
Table 6. COMSOL Mesh quality parameters 
Mesh A B C D 
Number of 
Elements 
3100 56689 888645 2984520 
Average Mesh 
Quality 






CHAPTER 6. COUPLED HEAT TRANSFER AND NOZZLE FLOW ANALYSIS 
6.1 Coupling Methodology 
Mass continuity across the meniscus is solved by equating the integral of 
evaporation across the meniscus with the mass flow out of the nozzle which is 
represented by Equation (19).  Evaporative mass flux is integrated across the area of the 
meniscus consistent with the Hertz-Knudsen equation. An iterative bisection scheme is 
used to balance the mass flow from evaporation and the mass flow out of the nozzle by 
manipulating the common variable inlet pressure P1.   
 
 ̇           ∫∫       (19) 
The aforementioned heat transfer analysis and DSMC was coupled as stated for 
the geometry found in Figure 5, Figure 17, and Figure 32.  Simulated cases were 
computed for various power levels from an unpowered state to 0.5 watts in increments of 
0.01 watts.  A range of contact angles were examined.  The below plots represent a 
meniscus geometry with a contact angle of 120 degrees.  As stated earlier the evaporation 
coefficient was found to have a value of exactly 1.0.  Because of the uncertainty in the 
true value of the condensation coefficient, multiple values were selected that 
encompassed the majority of studies that measured a condensation coefficient in the 
temperature range of 280-320K [18][29][39]. These values used in this study ranged from 






The bisection scheme was used to equate the mass flow out of the nozzle with the 
mass flow from evaporation.  The bisection method is an iterative numerical scheme used 
to find the root of an equation inside a bounded interval. It functions by evaluating the 
given equation at the midpoint of the bounding interval and bisecting the interval.  After 
every iteration, the interval is halved.  The process continues till the resulting error is 
below a certain threshold or the bounds are sufficiently close to each other.  In this 
analysis the percent differences between the nozzle exit mass flow and the evaporation 
mass flow was used as the threshold with a specific value of 0.01%. 
The COMSOL Matlab Livelink software was used to employ the iterative 
bisection method. The inlet pressure was used as the iteration variable as it is present in 
both the evaporation equation and the nozzle exit flow relations.  
The application of the bisection scheme to one specific power level (P=0.5 Watts) 
can be seen in the figures below. Figure 34 demonstrates the bounds and how they 
change from iteration to iteration.  To start an upper and a lower bound are selected.  By 
comparing the mass flow at each iteration as seen in Figure 35, the bounds on the inlet 
pressure are changed.  Each iteration the distance between the bounds are changed and 
the percent difference between the nozzle exit flow and the evaporative flow also 
decrease as seen in  
Figure 36.  This same process is repeated for every power level.  Once the 
analysis has converged for one power level, the Livelink code begins testing another 
power level.  It offsets the new lower and upper bounds based on the converged inlet 






bounds contain the root of the new power level and reducing the number of iterations 







Figure 34. Convergence of the bounds on inlet pressure used in the bisection scheme.  




Figure 35. Convergence of the two mass flows used in the bisection scheme. Each 







6.2 Results of Coupled analysis at Various Condensation Coefficients 
An analysis was performed in which the condensation coefficient varied in value 
between 0.3 and 0.5 using the coupled analysis. The expected relationship between 
resistive heating and mass flow is clearly seen in the following figures.  Applying power 
to the heaters increases the temperature of the liquid water. When the temperature of the 
meniscus increases, evaporation increases.  As evaporative mass flow increases the 
coupled pressure also increases to match the nozzle exit mass flow. This increase in mass 
flow comes with an increase in thrust from the nozzle as pressure and momentum 
produce thrust.  
When comparing the different condensation coefficients it is clear that the lower 
value coefficients producing a higher rate of evaporation and thus higher mass flow 
through the thruster.  This is associated with a higher thrust level, higher inlet pressure 
and lower heater temperature.  The variability of the condensation coefficient causes a 
 
Figure 36. Reduction in percent difference between COMSOL evaporative mass flow and 






mass flow percent difference of approximately 9% in the unpowered state and 6% in the 
powered state. 
There was also a relationship between specific impulse and heater power.  When 
power is applied to the thruster mass flow increases.  This increase in mass flow 
corresponds with a higher number density in the flow.  This higher number density 
reduces rarefied effects, viscous losses and loss of momentum in the flow.  This 
contributes to a higher thrust and thus a higher specific impulse. 
It should be noted that there is a leak rate to this thruster in the unpowered 
configuration.  In a lab setting this is an easily mitigated issue but for a small satellite this 
may be of concern and could over time change the orientation or trajectory of a 
spacecraft. The FEMTA thrusters can be placed in a symmetric configuration that 
balances the leaking thrust and torques. 
 
  
Figure 37. Computed thrust from coupled modeling analysis for various condensation 
coefficients and power levels.  As can be seen there is indeed a nearly linear 








Figure 38. Computed mass flow from coupled modeling analysis for various 
condensation coefficients  
 









6.3 Temperature Distribution  
The corresponding temperature distributions of the meniscus-heater region of the 
FEMTA thruster for an unpowered and an applied power of 0.5 watts can be seen in 
Figure 8. As expected the evaporation causes heat flux which decreases the temperature 
near the meniscus. Another trend can be seen that not all of the heat goes into the 
meniscus and is thus a negative impact on performance. Ideally as much heat should be 
applied to the meniscus as possible. We are currently looking at different methods to 
increase the temperature of the meniscus while the heaters are powered. One such method 
is increasing the silicon dioxide layer to reduce heat loss into the silicon wafer behind it.  
Another method is to place the heaters in an area closer to the meniscus to provide local 
heating. 
 
Figure 40. Average heater temperature increase with varying levels of Joule heating.  
Being a distance offset from the meniscus, the heater temperature had a slightly less of 








 Because of the similar magnitudes of the vapor pressure and the local pressure of 
the liquid water inside the reservoir there is some cause for concern in terms of 
microboiling.  The pressure inside of the reservoir is limited with a relief valve set at 
approximately 3000-3500 Pascals. The Onset of Nucleate Boiling occurs a few degrees 
above the point at which vapor pressure equals the pressure in the liquid. Therefore when 
power is applied the temperature and resulting vapor pressure can reach this point where 
nucleation begins. Nucleation inside the thruster could cause rapid loss of propellant but 
could also be used as a potential mode of operation.  If nucleation occurs, it could 
potentially require less power than the original evaporative mode, but would be difficult 
to predict a precise amount of thrust due to the uncertainty of nucleation at the micron 
scale.  Nucleation is highly dependent on surface texture.  The surface of the FEMTA 
device is difficult to measure or predict. It is believed that the pressure inside of the 
 
Figure 41. Temperature distribution of FEMTA for power off (top) and power on 
(bottom). Joule heating can be seen in the Platinum heaters and the temperature 







reservoir can be maintained high enough using both the relief valve and the Laplace 
pressure such that micro boiling will not be a concern.  Further work is being conducted 









CHAPTER 7. COMPARISON OF EXPERIMENTAL AND ANALYTICAL RESULTS 
7.1 Torsion Pendulum 
 
Performance of FEMTA was primarily measured using a microNewton torsion 
pendulum inside a vacuum chamber at the Purdue High Vacuum Lab. The torsion 
pendulum calculates microNewtons of thrust by measuring the deflection of a beam 
attached to a pivot with a known torsional spring constant.  At the end of one arm of the 
beam is a Linear Variable Differential Transformer (LVDT) used to measure the 
displacement of the beam.  A Schaevitz HR-050 Linear Variable Differential 
Transformer (LVDT) for measurement of beam deflection Rotation about the bearings in 
this study were small enough such that displacement can be assumed linear with angle. 
By measuring the displacement, the force at a point along the beam can be calculated 
through knowledge of the length of the moment arm, location of applied force and the 
spring constant of the torsion bearings. To calculate the spring constant a set of metallic 
fins were used to provide a range of known and constant electrostatic force to displace 
the balance.  A calibration test run is conducted before every thruster force measurement 
to find the spring constant and to verify the system. This displacement is measured and 
used to calculate and verify the spring constant before every force measurement. 








The calibration procedure for the spring constant consists of a series of pulses of a 
known force applied to the pendulum a known distance from the axis of rotation.  These 
forces are applied using electrostatic fins charged with a certain voltage.  Exact values of 
 
Figure 42. Image of torsion pendulum in vacuum chamber detailing the LVDT, 
torsional spring bearings, electrostatic fins and thruster mount 
 
 







these forces can be found in the table below.  The spring constant was found to vary 
slightly with displacement and a linear curve fit of the data was applied. 
  The process begins with a constant voltage applied to the electrostatic fins for 30 
seconds.  After 30 seconds, the applied voltage is turned off and the pendulum is allowed 
to swing freely back to its initial position and remain for 60 seconds. This process is 
repeated 9 additional times with the magnitude of voltage being increased every time.  
The deflection history of the beam during the calibration test is plotted below in Figure 
44.  From this calibration the spring constant can be calculated since the differential 
terms in the equation of motion reduce to zero.  Additionally the damping coefficient can 
be found. 
 
Table 7. Force magnitudes from eelectrostatic fin calibration test pulses 




















Figure 44. Left:  Applied thrust history from electrostatic fins used in calibration.  
Right: Resulting deflection of beam from electrostatic force 
 
Figure 45. Relationship of spring constant with deflection of torsion bearings with 







7.2 Dynamic Modeling 
An equation of motion based on the conservation of angular momentum can be 
derived for the thrust stand.  It is assumed that the thrust stand only rotates about the 
vertical axis and rotations in the other two directions are negligible.  The derived 
equation of motion can be seen in equation (20). There are three moments that act on the 
torsion thrust stand.  These moments are the moment from the spring inside the bearings, 
the moment from the magnetic dampeners, and the moment as a result of any external 
force on the thrust stand.  For simplification purposes, it is assumed that the only external 
force acting on the thrust stand is the force from a thruster that is at a predetermined 
distance away from the axis of rotation.  It should be noted that a small angle 
approximation has been applied to all forces and moments representative of the micron 




∑    ̈         ̇               (20) 
Where M is a Moment [N·m], I   is the Inertia [kg·m
2
], θ is the Rotation of Pendulum 
[Radians], a  is the Distance to force application [m], c  is the  Distance to magnetic 
dampeners and LVDT [m], γ is the Damping Coefficient [N·s/m] and k  is the Spring 
Table 8. Forces and moments experienced by thrust stand beam 
Cause Force Moment 
Torsion Spring Constant N/A 𝑀𝑠𝑝𝑟𝑖𝑛𝑔   𝑘𝜃 
Magnetic Dampeners 𝐹𝑑𝑎𝑚𝑝𝑒𝑛𝑖𝑛𝑔   𝛾𝑏?̇? 𝑀𝑑𝑎𝑚𝑝𝑒𝑛𝑖𝑛𝑔   𝑏
 𝛾?̇? 







Coefficient [N·m/rad].  Distances a and b are determined by measurement.  Constant k is 
determined from the aforementioned calibration testing.  Gamma and the moment of 
inertia can be calculated by matching the dynamic simulation to the experimental data. 
 Validation of the model was conducted by simulating the displacement history of 
the torsion beam using an ODE solver and comparing it to experimental displacement 
data from the calibration test campaign.  The known force history from the calibration 
run was used in the simulation.  The comparison of the simulated and experimental 
displacement history can be seen for the last thrust pulse of the calibration curve in 
Figure 46.  The simulated data accurately matches the experimental data for steady state 
periods and dynamic periods.   
 
 
7.3 Dynamic Force Extraction 
Previous work with the torsion balance has been limited to measuring a steady 
state force once oscillations have been dampened using equation (19).  Issues with this 
method arise when an unsteady or dynamic force needs to be measured.  However, a 
 
Figure 46. Comparision of dynamic modeling and experimental displacement as a result 







dynamic force history can be calculated by rearranging Equation 18 to form Equation 20,  
To do this the constants (I, K, γ, a and b) must be known and a displacement history of 
the pendulum must be recorded. Constants a and b are measured on the thrust stand.  
Constants I, K and gamma are estimated then fit by comparing simulated data to 
experimental data. The first  ̇ and second  ̈ differentials of the displacement history can 
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For validation, experimental data was selected from a calibration run with a 
known force history according to Figure 44 and Table 7. The force extraction method 
was applied to the beam displacement history from the calibration run.  The force history 
extracted for the entire run can be seen in Figure 47. This data corresponds to the last 
square wave of the calibration run where an electrostatic force of 762.9 µN is applied to 
the end of the beam at exactly 11 seconds.  The displacement at the other end of the beam 
is measured and recorded by the LVDT in microns.  Both the experimental and simulated 
result are plotted on the left side.  By sampling the experimental displacement history at a 
high frequency, the first and second differentials are calculated.  By knowing the 
constants, the displacement history and the displacement history differentials, the force 






is plotted in red and the force calculated from Equation 4 It can be seen that there is some 
delay (approximately 0.4 seconds) in the measured force when electrostatic force is 
applied at 11 seconds.  The difference in the measured force and the applied force is on 














7.4 Comparison of Experimental and Analytical Performance 
At the time of writing of this thesis, brief experimental testing has been completed.  
This experimental data is from a thruster geometry assumed to be of the exact dimensions 
as modeled here in this paper. Some performance data is available and has been 
examined using the dynamic force extraction procedure previously detailed. Preliminary 
results show thrust values on the same order of magnitude as modeling results but have  
different trends in the relationship between power and thrust. Depending on power level, 
the experimental results indicate thrust performance 3-4 times the value found from 
modeling. 
 









7.5 Possible Explanations for Difference in Experimental and Theoretical Results 
Although the relationships of thrust vs power for the experimental and theoretical 
analysis show similar magnitudes and trends, they differ substantially.  This section is 
devoted to theorizing the possible causes of these differences. 
One expected difference is the thrust produced in the unpowered state.  The torsion 
pendulum used to measure the experimental thrust functions by measuring a 
displacement.  In the unpowered state there will be a constant force associated with the 
 
Figure 49. Shown here is a comparison of theoretical modeling and experimental test 
results.  The experimental results show a similar nearly linear trend but the slope of the 







unpowered leak rate of the thruster.  This leak rate is constant and does not produce a 
displacement of the torsion pendulum and thus cannot be easily measured.  The 
theoretical curves account for this leak rate whereas the experimental results do not 
include this in the measurement. 
The largest possible source of error is the uncertainty in dimensions of the 
FEMTA device.  The dimensions of the experimental thruster examined in this paper 
have yet to be directly measured. FEMTA nozzles can be measured using a Scanning 
Electron Microscope but require the destruction of the nozzle in. At this time, only a few 
FEMTA nozzles have been produced and in order to take measurements, the FEMTA 
nozzle needs to be destroyed.  Some dimensions were measured from a similar FEMTA 
device that had a smaller throat section.  It is believed that the only difference between 
this generation of FEMTA nozzle and the last is the length of the throat section.  
However, there is no concrete evidence to confirm this.  A nozzle geometry other than 
that which is examined here would have different performance parameters and produce 
different results than the modeling in this paper. 
Another suspected difference is both the size and location of the Platinum heaters.  
Previous generation heaters were measured using Scanning Electron Microscopes.  One 
issue is that only the surface dimensions can be measured and no accurate knowledge of 
the depth of the heaters is known.  The depth of the heaters is estimated by the time the 
material is sputtered for.  In this analysis the heaters were assumed to be uniform but it is 
possible that there are areas where portions of the heaters have a wider cross section than 






heating would be provided to the meniscus and the slope of the thrust curve would more 
closely match the experimental values.  
 Another possible difference could be the location of the meniscus.  If the throat 
section is not straight as originally planned, then it is possible that the meniscus is pinned 
at the exit of the nozzle throat section instead of near the heaters.  The surface energy 
analysis assumes a straight throat section.   SEM images of previous FEMTA nozzles 
proved a straight section assumption was reasonable but there are no images of the 
geometry examined in this paper to prove this.  
Early in this study, the nozzle was well represented as a converging-diverging nozzle 
with respect to the path of the vapor out of the nozzle.  The nozzle geometry changed 
such that the meniscus location moved to the beginning of the straight section. The 
velocity of the vapor close to the meniscus was assumed to be small in the converging-
diverging nozzle geometry.  In the present geometry where the meniscus is fixed at the 
location where the throat straight section begins, this low velocity assumption is no 
longer valid.  The Hertz-Knudsen equation is derived for a stationary flow and not a flow 
in which the vapor is being accelerated away from the liquid-vapor interface.  The 
condensation term in the Hertz-Knudsen equation does not take this into account and 
needs to be modified to account for the nonstationary flow. The assumption of a near 
stationary flow in the current analysis would lead to a lower evaporative flux.  
Accounting for the nonstationary flow would result in a higher mass flow and higher 







CHAPTER 8. CONCLUSION AND FURTHER WORK 
The FEMTA thruster is a unique device that uses capillary action to retain a liquid 
propellant (water) inside of a micronozzle and uses resistive heating to increase 
evaporation in order to regulate mass flow.  This gas vapor is then expanded out of a 
micronozzle to produce thrust. 
The simulations presented in this thesis help validate the thermal valving concept.   It 
is shown that when power is applied to the thruster, there is an increase in mass flow and 
thrust.  The mass flow can be regulated by regulating the applied power. 
Modeling of such a thruster is divided into three areas:  heat transfer simulation via 
COMSOL, Direct Simulation Monte Carlo simulations of nozzle flow and two-phase 
modeling of the two-phase meniscus.  An iterative bisection solving scheme is used to 
couple the multiple areas of study.  This modeling is used as a baseline for performance 
and improvement of design. 
 As can be seen by this modeling, performance of more than 20 microNewtons of 
thrust at approximately 70 seconds of ISP may be attainable.  Additionally, power can be 
regulated to provide a specific level or thrust or an impulse bit.   The scale of this thruster 
leads to a small overall system mass of less than a gram.  Altogether, this thruster could 
provide a means of propulsion for cubesats that meets both mass and power requirements 






 Experimental performance of the FEMTA device was measured using a torsion 
pendulum thrust stand.  Dynamic modeling of this thrust stand was used to extract 
dynamic thrust data by manipulating the equation of motion and calculating the angular 
velocity and acceleration using a central finite difference scheme. 
 At this early stage of testing there is limited test data.  Experimental thrust data 
shows trends similar to the data obtained by modeling with differences in magnitude.  
Additional experimental testing and improvement of the measurements used in the model 
should reduce the difference between the experimental and theoretical results.   
Some improvements can be made to the modeling. This study revealed that the 
pressure inside of the FEMTA nozzle was near the vapor pressure of the liquid water. In 
terms of boiling, this point is near where nucleation occurs. At the onset of this study 
micro boiling was believed to be a non-issue due to the strength of capillary forces.  
According to the experimental results, this initial assumption may be incorrect.  The heat 
transfer analysis and modeling of nozzle flow present in this thesis should still be valid.  
However, the means of mass transfer from a liquid state to a vapor state may need to 
change from being modeled as evaporation to being modeled to accommodate the 
possibility of nucleation inside of the FEMTA nozzle.   Additional work to improve the 
representation of the Hertz-Knudsen evaporative flux in accordance with section 7.5 is 
necessary. 
Further work is needed to account for the differences in modeling and 
experimental results.  The reasons listed in section 7.5 explain what the author believes 
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For the purpose of continuing this research, samples of the code used in this analysis are 
copied here.  Analysis representing the surface tension study, the Direct Simulation 
Monte Carlo Study and the Coupled analysis are detailed below.  Note that for the DSMC 
analysis, only the inputs are detailed while the SMILE software  can be found elsewhere.   
COMSOL Bisection Code 
 
 
%% Heat Transfer Analysis (HTA) By Bill O'Neill  
%V4 
%Improved iterative scheme 
%Process: 
%1. Load model 
%2. Iterate  until exit flow matches evaporation rate by varying P1 
%3. Test multiple power levels 
%4. Output tecplot data file and tecplot temperature distribution pltos 
for CCOND = 0.3:0.1:0.5 
clc  









m2str(CCOND));%tecplot data file name everything will be saved to, CD03 
according to condensation coefficient also stored in COMSOL 
Prefix='V4_' 







num2str(Vector(3),'%02d'),'Model=',Model)%Backup .dat file name 
fileID = fopen(filename,'a'); 
  
% Control Variables 
Temp_Distr_Plots_On=0 %1 for produce temperature distribution tecplot 
plots 
Tolerance=0.002;  % Tolerance of bisection scheme 
Liquid_tol=0.0005; % Tolerance of liquid fluid solver 
R=62;            % Resistance of heaters 
  
% DSMC Curve fit equations 
DSMC_MassFlow = @(P)  -9.64 + 0.04296*P 
Thrust = @(P)  -2.402 + 0.008474*P 
  
%% Loads COMSOL Model 
fprintf('\n---\n Loading model: %s\n...\n...\n',Model) 
model = mphload(Model); 
fprintf(' Completed Loading Model\n---\n') 
model.param.set('C_Evap', sprintf('%5.5f',CCOND)); 
fprintf('\n\n---\n  Starting Computations\n') 
%%  Start of Computations 
%I is single heater current 








    I=0.5*sqrt((Power/R)); 
    close all 
    clear Internal_CMF 
    clear Internal_EMF 
    clear Internal_Pparti 
    clear Internal_Pparto     
  
  
% Bisection code 
if Power ==0 
    Pparti=900; 
    Pparto=1600; 
    Ppart=0.5*(Pparti+Pparto); 
else  
    Pparti=Ppart+100; 
    Pparto=Ppart+2000; 
    Ppart=0.5*(Pparti+Pparto); 
    if Pparti<0 
        Pparti=0; 
    end 
    if Pparto<0 






    end 
end 
percent_difference=1; 
%% Start of bisetion method    
Iteration=1; 
















%% Extract data 









% Mass Flow from comsol 





























































Saved_Evaporative_Flux(counter)= model.result.table('tbl12').getReal;  
  
% model.result.table('tbl13').clearTableData; 
% model.result.numerical('int8').set('table', 'tbl13'); 
% model.result.numerical('int8').setResult; 







 Exit_Massflow= DSMC_MassFlow(Ppart); 





















fprintf('           Current = %4.4f Amps\n', I) 
fprintf('           Power = %4.4f Watts\n', Power) 
fprintf('     Percent error = %5.5f \n',100*percent_difference) 
fprintf('         Tolerance = %5.3f \n',Tolerance) 
fprintf('   COMSOL Massflow = %3.3f kg/s \n',Comsol_Massflow) 
fprintf('     DSMC Massflow = %3.3f kg/s \n',Exit_Massflow) 
fprintf('     Thrust = %3.3f N \n',Thrust(Ppart)) 
fprintf('Heater Temperature = %4.4f K \n',Saved_Heater_Temp(counter)) 
fprintf('         Iteration = %4.4f \n',Iteration) 
fprintf('             Ppart = %5.4f Pascals \n',Ppart) 
fprintf('            Pparti = %4.4f Pascals\n            Pparto = %4.4f 
Pascals\n',Pparti,Pparto) 
fprintf('            CCond= %4.4f \n           ',CCOND) 
Time_spent=toc; 

































% Change Ppart as part of bisection method 
 if Comsol_Massflow>=Exit_Massflow 
     Pparti=Ppart 
 else 











fprintf('           Current = %4.4f Amps\n', I) 
fprintf('           Power = %4.4f Watts\n', Power) 
fprintf('     Percent error = %5.5f \n',100*percent_difference) 
fprintf('         Tolerance = %5.3f \n',Tolerance) 
fprintf('   COMSOL Massflow = %3.3f kg/s \n',Comsol_Massflow) 
fprintf('     DSMC Massflow = %3.3f kg/s \n',Exit_Massflow) 
fprintf('     Thrust = %3.3f kg/s \n',Thrust(Ppart)) 
fprintf('Heater Temperature = %4.4f K \n',Saved_Heater_Temp(counter)) 
fprintf('         Iteration = %2.2f \n',Iteration) 
fprintf('             Ppart = %5.4f Pascals \n',Ppart) 










fprintf(fileID,'%6.6f %6.6f %6.6f %6.6f %6.6f %6.6f %6.6f %6.6f %6.6f %








%% Get Temperature Distribution Plot 
if Temp_Distr_Plots_On==1 
data = mpheval(model,'T','Dataset','dset1'); 
Data_size = size(data.d1); 
T_steps = Data_size(1); 
P = data.p'; 
T = data.t'+1; 









n_nodes = length(D); 
n_elements = length(T); 
fprintf(fid,'TITLE="Temperature Plot I=%4.3f" \n',I); 
fprintf(fid,'VARIABLES="X","Y","T" \n'); 
fprintf(fid,'ZONE T="COMSOL", DATAPACKING=POINT, NODES=%12.4f , 
ELEMENTS= %12.4f ,ZONETYPE=FETRIANGLE \n',n_nodes,n_elements); 
for i=1:n_nodes 
    if isnan(D(i)) 
        D(i) = 0; 
    end 
end  
for i=1:n_nodes 

















































% fprintf(fileID,'%6.6f %6.6f\n',Data(:,1),Data(:,1)); 
  
  












































% hold on 
% Radius_of_Curvature_Throat=Vert_Throat./(sind(Contact_Angle-90)); 
% Area_Throat=2*Radius_of_Curvature_Throat*(pi/180).*(Contact_Angle-90); 
% SE_M_Throat= ST.*Area_Throat.*(10^-6); 
% LP_Throat=ST./Radius_of_Curvature_Throat 



































































































    WSE_CB(i)=WSE_CB(i-1)-
ST.*cosd(Contact_Angle)*sqrt(DX_CB(i).^2+DY_CB(i).^2); 
    WSE_BA(i)=WSE_BA(i-1)-
ST.*cosd(Contact_Angle)*sqrt(DX_BA(i).^2+DY_BA(i).^2); 
    WSE_AJ(i)=WSE_AJ(i-1)-
ST.*cosd(Contact_Angle)*sqrt(DX_AJ(i).^2+DY_AJ(i).^2); 
    WSE_JT(i)=WSE_JT(i-1)-
ST.*cosd(Contact_Angle)*sqrt(DX_JT(i).^2+DY_JT(i).^2); 













ylabel('Wetted Surface Energy [J/m]') 
xlabel('X [\mum]') 
  





















ylabel('Total Surface Energy [J/m]') 
xlabel('X [\mum]') 
title(strcat('Total Surface Energy','    \theta = 
',num2str(Contact_Angle),'^{o}')) 
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